INTRODUCTION
Zinc oxide as a material has been known since the Bronze Age.' It was not until relatively recently that detailed investigations into the electronic properties of this hexagonal crystal have been conducted. Rupprecht 2 and Bogner 3 determined the mobility of bulk samples of zinc oxide. The dielectric constant for zinc oxide was determined by Collins and Kleinman 4 and an effective mass for the charge carrier was measured by Dietz et al. 5 Mead 6 determined the surface barrier energies of several metals on vacuum-cleaved zinc oxide. The barrier energy for gold was determined to be 0.71 e V and 0.65 eV was obtained as barrier energy for palladium.
We report here the results of an extensive investigation of the barrier-semiconductor systems formed by gold and palladium on zinc oxide. Barrier energies were determined by photoresponse, forward current-voltage, thermal activation energy, and capacitance-voltage methods. Forward and reverse current-voltage characteristics were studied and are analyzed in terms of the simple Bethe diode theory,7 as modified by the presence of image force lowering. 8 ,9 
SAMPLE PREPARATION
Undoped hexagonal zinc oxide crystals with free electron concentrations between 1 X 10 16 and 2X 10 17 per cubic centimeter were used.'o The crystals were first cleaned by immersion in concentrated phosphoric acid for a period of 15 min, followed by a la-min soak in concentrated hydrochloric acid and a rinse in flowing deionized water. The crystals were dried in a jet of dry air. The samples were then placed in a vacuum chamber at a pressure of Torr or less. Using a heated tungsten filament approximately 1000 A of gold or palladium was evaporated on the sample through a fine mesh. The active barrier area was nominally 100 J. L in diameter. Contact to the evaporated metal barriers was made by a fine gold wire probe. Ohmic contact to the bulk crystals was made using 10% silver and 90% indium solder.
On three of the four crystal samples the same crystal was given both gold and palladium barriers.
RESULTS AND INTERPRETATION

Bulk Measurements
Mobility and resistivity measurements were made on the bulk zinc oxide crystals. Mobility was determined by a Hall measurement using a 4.7 kG permanent magnet. Resistivity measurements were made using four soldered contacts at both room (296°K) and at liquid-nitrogen (77°K) temperatures. The resistivity was then combined with the mobility data to derive an effective donor concentration of N a= l/PJ.Lq,
where Nd is the donor concentration, P is the measured resistivity, jJ. is the Hall mobility, assumed equal to the conductivity mobility, and q is the electronic charge.
For a typical crystal the measured mobility was 200 cm 2 /V sec, in good agreement with values quoted in the literature (Refs. 2, 3). The resistivity of this sample at room temperature was 1.13 Q-cm. At liquid-nitrogen temperatures the measured resistivity was 1.98 Q-cm. From the resistivity and mobility at room temperature the net donor concentration was calculated to be 2. 9X 10 16 /cc.
Surface Barriers
Surface barrier energies were determined using four independent techniques. The methods used were: photoresponse, zero-voltage forward current intercept, thermal activation energy, and capacitance variation with applied voltage.
Photoresponse
The barrier energy was determined by a measurement of the short circuit photocurrent using light entering the crystal from the barrier contact side (a front wall configuration). A tungsten-halide lamp was used in conjunction with a Gaertner Quartz Prism Monochro- nometer. From simple Fowler theory, the barrier energy is the intercept for zero response of the plot of the square root of the response (photo current per incident photon) versus the photon energy.
In Fig. 1 we present the photoresponse data from typidal sample crystals. Four crystals were used with measurements being taken on between 5 and 15 barriers per crystal. The surface barrier energies, were found to be 0.645±O.04 eV for gold and 0.59±0.04 eV for palladium.
Forward Current versus Voltage
Typical curves of forward current density versus forward voltage are presented in Fig. 2 for gold and palladium barriers on chemically prepared zinc oxide. The area of each device is given in the figure. Current measurements were made with a three-lead configuration to eliminate errors due to potential drop at the bulk crystal contact.
The current-voltage characteristic, for thermiomic current and voltages in excess of a few kT/q is given by
where J is the current density, V is the applied voltage, k is the Boltzmann constant, T is the absolute temperature, and
where cf> is the surface barrier energy, A * is the Richardson constant corresponding to the effective mass of the material, and 
where I1n is the deviation of n from unity, EO r is given by
where No is the conduction band effective density of states and where
Combining Eqs. (3) and (4) one can write for the diode nonideality factor n= 1 +An(image force).
The value of n for forward voltages between 0.05 and 0.15 V is found to be 1.05±0.05. This value is in agreement with that expected as a result of image force lowering from the Eqs. (4) and (6) using the carrier concentration determined from resistivity and Hall effect measurements.
Using Eq. (2a) the surface barrier energies were calculated from current-voltage data taken on some (7) where I.(V) is the current at some fixed bias V.
The thermal activation energies obtained on chemically treated zinc oxide for 40 individual barriers on four crystals are 0.70±0.04 eV for gold and 0.63±0.04 eV for palladium.
The thermal activation energy determined from Eq. (7) is expected to be higher than the barrier energy due to the change in barrier energy with temperature. In general, the barrier energy is not constant with temperature, but over a small temperature range IS expected to vary approximately as follows: (8) where CPo is the barrier energy at the measurement temperature and Al is the temperature coefficient of the barrier energy in the vicinity of the measurement temperature.
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' " ' " In covalent semiconductors the presence of surface states fixed the Fermi level, at the surface, relative to one band edge. In such instances it has been found that the barrier energy varies in temperature as does the bandgap. 13 An ionic semiconductor has virtually no surface states. The Fermi level, at the surface, is free to move between conduction and valence band edges, depending upon the work function of the metal employed. Zinc oxide is an ionic semiconductor with no surface states. 6 ,14 The variation of surface barrier energy with temperature is then expected to be proportional to that fraction of the forbidden gap occupied by the barrier.
where Eu is the forbidden gap.
The bandgap energy for zinc oxide is 3.435 eV at 1.2°K.15 The barrier energy for gold and palladium on zinc oxide has been determined by photoresponse and forward current versus voltage techniques. The change in the forbidden gap with temperature has been measured by Watanabe and Wada I6 to be -8X 10--4 eV;oK in the vicinity of room temperature. From Eq. (9) Al is -1.57XIQ--4 eV for gold and -1.43XIQ--4 eV for palladium. Use of these values in Eq. (8) together with the barrier values attained from Eq. (7) results in substantial agreement for values of cP as determined bv photoresponse, forward current, and thermal activatio~ energy (see Table I ).
Reverse Current
The voltage dependence of the reverse current characteristic, at fixed temperature, as a function of the fourth root of the applied voltage is displayed in Fig. 4 . At a fixed temperature the reverse current as a function of the applied voltage is expected to be nonconstant. The ideal, constant reverse current, independent of applied bias, of the Bethe diode theory is modified by the presence of the image force field lowering which causes the barrier energy to change with applied voltage. 9 The theoretical slope of the logarithm of the reverse current The slope as given by Eq. (10) is also plotted in Fig. 4 . The agreement between theory and experiment for both gold and palladium surface barriers is seen to be good over a range in bias between 0.1 and 3 V.
Capacitance Studies
The fourth measurement of the surface barrier energies was made using the variation of barrier capacitance with applied voltage at a frequency of 1 MHz.
In (11) where S is the barrier area and C is the measured capacitance at the applied voltage.
N a = (-2/qEDCEO) [oV/O(S/C)2],
The extrapolated intercept Vo of a plot of 1/ C2 versus the applied voltage is related to the surface barrier energy by the equation vo=rp-r-kT/q. (12) In the derivation of Eqs. (11) and (12) the absence of trapping was assumed. The effect of empty traps is to increase the measured donor concentration. Thus the measurement of capacitance under illumination of sufficiently short wavelength is expected to yield values of donor concentration in excess of the true value. The measured intercept will be lower than the true value of barrier energy by the Fermi level and a thermal term. Table II presents, in summary form, the donor concentrations and extrapolated intercepts Vo for the several zinc oxide crystals studied. An average of seven barriers of each type were measured and both the averages and scatter for each sample is given.
The sample marked palladium-A was a crystal possessing a much higher impurity concentration level than did the other crystals. 
Capacitance and Traps
The capacitance of the surface barriers measured was a function of the wavelength and intensity of the illumination. The samples were illuminated by a strong fluorescent source with a number of filters of a differing cutoff wavelength. An increase in the capacitance was experienced for wavelengths in the l-1.S-,u range. From this data the trap level energy depth was estimated to be between 0.8 and 1.2 eV.
The deep trap density can be estimated by comparing the donor density under illumination and no illumination. A lower bound for the trap density Nt can be estimated by using
The lower bound trap densities are estimated from Table II to be 2 X 10 15 / cc for all samples except palladium-A. For palladium-A the trap density is estimated to be at least 2XI0 16 /cc. Based on limited data it appears that the trap density fluctuates with the carrier concentration and has a magnitude approximately onetenth the donor concentration. Further investigation of the trapping site will be required to determine the exact nature of the trap, its er,ergy level, cross section, and origin.
Barrier Energy Summary
In Table I the values of surface barrier energy resulting from the four measurement techniques are presented.
The photoresponse data and J-V characteristic data are the averages and scatter obtained from the 40 barriers tested. The activation energy is corrected for variation in barrier energy with temperature and the capacitance data is adjusted for individual barrier donor concentration as noted. We find the barrier energy of gold on chemically prepared zinc oxide to be 0.66±0.04 e V and the surface barrier energy of palladium on chemically prepared zinc oxide to be 0.60±0.04 eV.
Agreement in values of cf> as determined by all four techniques is excellent and consistent. The individual scatter in data from crystal to crystal was of the same order as the scatter from crystal to crystal.
CONCLUSIONS
The metal-semiconductor systems composed of goldzinc oxide and palladium-zinc oxide have been investigated.
The surface barrier energies of gold and palladium on chemically prepared zinc oxide have been measured by the current-versus-voltage, photoresponse, thermal activation energy, and capacitance-versus-voltage techniques. The barrier energies obtained are in close agreement for the four methods.
The Throughout the discussion an effective mass of 0.38m. was used in accord with Dietz et al. 6 This gave good agreement for forward current versus voltage derived surface barrier energies and when computing the Fermi level.
The existence of traps in the forbidden gap was demonstrated. Trap density is estimated to be 2X lOlL 2XlO I 6/CC. There appears to be a relatively constant ratio of 0.1 between trap density and effective donor density. The trap level is estimated to lie at a depth of approximately 1 eV below the conduction band edge.
In conclusion, the agreement between theory and experimental observation for the zinc oxide-gold, and zinc oxide-palladium surface barrier systems is striking. We believe this represents the first comprehensive study where such quantitative consistency has been demonstrated on a compound semiconductor barrier system.
INTRODUCTION
In 1949 Frank and van der Merwe l considered the accommodation of misfit across the interface between one crystal grown epitaxially on another. This work has since been extended by van der Merwe,2 Cabrera,3 and Jesser and Kuhlmann-Wilsdorf.4 They find it energetically favorable for the overgrowth to strain elastically so as to either reduce or eliminate the misfit between the two crystals. If misfit is reduced but not eliminated by elastic strain the remainder is accommodated by misfit dislocations. The division of misfit between dislocations and elastic strain depends upon the difference between the two bulk lattice parameters, on the thickness of the overgrowth, on the geometry of the dislocations, as well as on the bonding across the interface, and on the elastic constants of the two materials. Experimental confirmation of some of the predictions has been obtained from thin deposits of one fcc metal on another. 5 -9 It has also been found that fcc metal films thick enough for one to expect most of the misfit to be accommodated by dislocations have elastic strains significantly larger than the predicted values. 6 ,lo This discrepancy between theory and experiment seems to result from work hardening during the relaxation of misfit strain,u Studies of misfit accommodation in crystals with the diamond or sphalerite structures have not provided clear evidence in support of theoretical predictions. However, they have shown that misfit is either accommodated entirely by strain or is shared between dislocations and strain.12-14 Recently, Sugita, Tamara, and Sugawara l4 have made two quantitative measurements which are in satisfactory agreement with van der Merwe's2 predictions. The aim of this paper is to show that agreement with the predictions of van der Merwe 2 and others3,4 is expected under some conditions but not under others. The origin of the disagreement between theory and experiment is the large Peierls stress l5 in crystals with the diamond or sphalerite structures. If the crystals are initially dislocation free, or almost so, then an additional deviation from theory is expected to be present.
MISFIT DISLOCATIONS IN ADAMANTINE (CRYSTALS
To calculate the way in which misfit is divided between dislocations and elastic strain we need to know the geometry of misfit dislocations and how they are formed. Observations made by optical microscopy,t2 transmission electron microscopy/6 and x-ray topographyl4,17 indicate that misfit dislocations in semiconductors glide from a free surface into the interface or junction region. 16 A mechanism 6 ,9 for this is shown in Fig. 1. Figure l(a) shows a grown-in dislocation line which extends from crystal B through the interface and into crystal A. Figure 1 (b) shows this dislocation after it has bowed under the influence of the misfit strain. In Fig. 1 (c) a length of misfit dislocation line has been made by migration of the bowed dislocation.
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